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We measure the Born cross sections of the process e+e− → K+K−K+K− at center-of-mass
(c.m.) energies,
√
s, between 2.100 and 3.080 GeV. The data were collected using the BESIII
detector at the BEPCII collider. An enhancement at
√
s = 2.232 GeV is observed, very close to
the e+e− → ΛΛ production threshold. A similar enhancement at the same c.m. energy is observed
in the e+e− → φK+K− cross section. The energy dependence of the K+K−K+K− and φK+K−
cross sections differs significantly from that of e+e− → φπ+π−.
PACS numbers: 13.25.Gv, 12.38.Qk, 14.20.Gk, 14.40.Cs
I. INTRODUCTION
The φ(2170) resonance, denoted previously as
Y (2175), was first observed by BABAR in the process
e+e− → φf0(980) → φππ [1] via initial-state radia-
4tion (ISR) and was confirmed by Belle [2]. BES [3]
and BESIII [4, 5] also observed the φ(2170) in the
φf0(980) invariant-mass spectrum. The discovery of
ss¯ bound states is of interest for the understanding of
the strangeonium spectrum, which is less well under-
stood than for example the hidden-charm states (cc¯).
The CLEO Collaboration found the first evidence for
Y (4260) → K+K−J/ψ [6] above the DD¯-production
threshold. A similar process, e+e− → φK+K−, poten-
tially allows the study of strangeonium-like vector states
above the KK¯-production threshold.
Many theoretical interpretations have been proposed
for the φ(2170), such as a ssg hybrid [7], a 23D1
ss state [8], a tetraquark state [9, 10], a ΛΛ bound
state [11, 12], or a three-meson system φK+K− [13].
The 1−− ssg hybrid can decay to φππ, with a cascade
(ssg → (ss)(gg) → φππ) [14], whereby ssg → φf0(980)
may make a significant contribution. However, none of
the theoretical models has so far been able to describe
all experimental observations in all aspects. Searching
for new decay modes and measuring the line shapes of
their production cross sections will be very helpful for
interpreting the internal structure of the φ(2170) reso-
nance.
The BABAR Collaboration measured the e+e− →
K+K−K+K− cross sections and observed an enhance-
ment around 2.3 GeV [15, 16]. In addition, the BES Col-
laboration observed the f0(980), f
′
2(1525) and f0(1790) in
the invariant-mass distribution of K+K− pairs in events
in which the other K+K− pair has an invariant mass
close to the nominal φ mass [17]. An enhancement at√
s = 2.175 GeV was seen in the line shape of the
process e+e− → φf0(980) [16], but due to poor statis-
tics, no strong conclusion could be drawn from the data.
Torres et al. have performed a Faddeev calculation for
the three-meson system φK+K− and obtained a peak
around 2.150 GeV/c2 [13]. These observations stimu-
late experimentalists to study the energy dependence for
the production of the φK+K− and K+K−K+K− final
states.
Using a data sample corresponding to an integrated
luminosity of 650 pb−1 collected at center-of-mass
(c.m.) energies from 2.0 GeV to 3.08 GeV [18], we present
in this paper the results of a study of the reaction
e+e− → K+K−K+K− and its dominant intermediate
process e+e− → φK+K−.
II. DETECTOR AND DATA SAMPLES
The BESIII detector is a magnetic spectrome-
ter [19] located at the Beijing Electron Positron Col-
lider (BEPCII) [20]. The cylindrical core of the BE-
SIII detector consists of a helium-based multilayer drift
chamber (MDC), a plastic scintillator time-of-flight sys-
tem (TOF), and a CsI(Tl) electromagnetic calorime-
ter (EMC), which are all enclosed in a superconducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke
with resistive plate counter muon identifier modules in-
terleaved with steel. The acceptance of charged particles
and photons is 93% over 4π solid angle. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for the electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps.
The optimization of event-selection criteria, the deter-
mination of detection efficiencies and the estimates of po-
tential backgrounds are performed based on Monte Carlo
(MC) simulations taking the various aspects of the exper-
imental setup into account. The geant4-based [21] MC
simulation software, which includes the geometric and
material description of the BESIII detector, the detector
response and digitization models, and the detector run-
ning conditions and performances, is used to generate the
MC samples.
For the background study, the e+e− → qq¯ process is
simulated by the MC event generator conexc [22], while
the decays are generated by evtgen [23, 24] for known
decay modes with branching fractions set to Particle
Data Group (PDG) world-average values [25] and by lu-
arlw [26] for the remaining unknown decays. MC sam-
ples of e+e− → e+e− and µ+µ− processes are generated
by babayaga 3.5 [27]. The signal MC samples from the
phase-space models (PHSP) of e+e− → K+K−K+K−
and e+e− → φK+K− are generated at c.m. energies cor-
responding to the experimental values, where the line
shape of the production cross section of the two pro-
cesses is taken from the BABAR experiment [16] and
the signal detection efficiency is obtained by weighting
the MC-generated PHSP sample to data according to
the observed invariant-mass distribution.
III. EVENT SELECTION AND BACKGROUND
ANALYSIS
A. e+e− → K+K−K+K−
Candidate events are required to have three or four
charged tracks. Charged tracks are reconstructed from
hits in the MDC within the polar angle range |cosθ| <
0.93 and are required to pass the interaction point within
10 cm along the beam direction and within 1 cm in the
plane perpendicular to the beam. For each charged track,
the TOF and the dE/dx information are combined to
form particle identification (PID) confidence levels (C.L.)
for the π, K, and p hypotheses. The particle type with
the highest C.L. is assigned to each track. At least three
kaons are required to be identified. The primary vertex of
5the event is reconstructed by three kaons. For events with
four identified kaons, the combination with the smallest
chi-square of the vertex fit is retained.
Figure 1 shows the momentum distribution of the three
identified kaons for
√
s = 2.125 GeV after applying the
above-mentioned selection criteria. The peak on the
right-side of the spectrum stems from reducible QED
background, dominated by the processes e+e− → e+e−
and e+e− → µ+µ−. To suppress this background, the
momenta of the identified particles are required to be
less than 80% of the mean momentum of the colliding
beams (pbeam).
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FIG. 1: (color online). Momentum spectrum of the three
identified kaons at
√
s = 2.125 GeV. The black dots with error
bars are data, the dashed (red) histogram is from e+e− → qq¯,
the solid (green) histogram is from e+e− → e+e−, the hatched
(black) histogram is from e+e− → µ+µ−, and the dotted
(blue) histogram is the sum of all MC samples.
B. e+e− → φK+K−
For e+e− → φK+K− with φ → K+K−, the final
state is K+K−K+K−. The selection criteria for three
or four kaons are the same as described in the previ-
ous subsection. In addition to the primary-vertex fit
of the three kaons, a one-constraint (1C) kinematic fit
is performed under the hypothesis that the KK+K−
missing mass corresponds to the kaon mass. For events
with four reconstructed and identified kaons, the combi-
nation with the smallest chi-square of the 1C kinematic
fit (χ21C(K
+K−KKmiss)) is retained and required to be
less than 20. In the following, the Kmiss momentum is
that obtained from the 1C kinematic fit and is used in
invariant-mass calculations.
The open histogram in Fig. 2 shows the invariant-
mass distribution for all K+K− pairs for the selected
K+K−K+K− events (four entries per event) for data
taken at
√
s = 3.080 GeV. The hatched histogram in the
same figure corresponds to the distribution of the pair
with a mass closest to the nominal φ mass. A promi-
nent peak near the φ mass is seen in both histograms
and indicates that the φ K+K− channel dominates the
K+K−K+K− final states.
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FIG. 2: (color online). Invariant-mass distribution at√
s = 3.080 GeV for all K+K− pairs in selected e+e− →
K+K−K+K− events (open histogram), and for the combi-
nation in each event closest to the φ-meson mass (hatched).
IV. SIGNAL YIELDS
The signal yields of e+e− → K+K−K+K− are ob-
tained from unbinned maximum-likelihood fits to the
K+K−K recoil-mass (Mrecoil(K+K−K)) data. The sig-
nal is described by the line shape obtained from the MC
simulation convolved with a Gaussian function, where
the Gaussian function describes the difference in resolu-
tion between data and MC simulation. The background
shape is parametrized by a second-order Chebyshev poly-
nomial function. The parameters of the Gaussian func-
tion and the Chebyshev polynomial function are left free
in the fit. The corresponding fit result for data taken at√
s = 3.080 GeV is shown in Fig. 3.
To determine the signal yields of the e+e− → φK+K−
process, an unbinned maximum-likelihood fit is per-
formed to the M(K+K−) spectra. The probability den-
sity function of the M(K+K−) spectra for the φ is ob-
tained from a P -wave Breit-Wigner function convolved
with a Gaussian function that accounts for the detector
resolution. The P -wave Breit-Wigner function is defined
as
f (m) = |A(m)|2 · p, (1)
A(m) =
pℓ
m2 −m20 + imΓ(m)
· B(p)
B(p′)
, (2)
B(p) =
1√
1 + (Rp)2
, (3)
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FIG. 3: (color online). The fit to the Mrecoil(K
+K−K) mass
spectra at
√
s = 3.080 GeV. The black dots with error bars are
data, the solid (red) curve shows the result of the best fit, and
the dashed (blue) curve shows the result for the background.
Γ(m) =
(
p
p′
)2ℓ+1 (m0
m
)
Γ0
[
B(p)
B(p′)
]
, (4)
wherem0 is the nominal φ mass as specified by the PDG,
p is the momentum of the kaon in the rest frame of the
K+K− system, p
′
is the momentum of the kaon at the
nominal mass of the φ, and Γ0 is the width of the φ. The
angular momentum (ℓ) is assumed to equal one, which is
the lowest allowed given the parent and daughter spins,
B(p) is the Blatt-Weisskopf form factor, and R is the
radius of the centrifugal barrier, whose value is taken to
be 3 GeV/c−1 [28].
The background shape is described by an ARGUS
function [29]. The parameters of the Gaussian function
and the ARGUS function are left free in the fit. The cor-
responding fit result for data taken at
√
s = 3.080 GeV
is shown in Fig. 4.
The same event selection criteria and fit procedure are
applied to the other 19 data samples taken at different
c.m. energies. The number of events for these samples
are listed in Tables I and II.
V. SELECTION EFFICIENCY
A. e+e− → φK+K−
The detection efficiency is obtained by MC simula-
tions of the φK+K− channel using PHSP. It is found
that data deviate strongly from the PHSP MC distri-
butions, as demonstrated by the histograms in Fig. 5,
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FIG. 4: (color online). Fit to the M(K+K−) mass spectrum
(four entries per event) at
√
s = 3.080 GeV. The black dots
with error bars are for data, the solid (red) curve represents
the total fit result and the dashed (blue) curve corresponds
to the background contribution determined by the fit. Also
shown are the signal (vertical dashed red lines) and side-band
(vertical solid blue lines) regions used for the determination of
theK+K− (non-φ pair) invariant-mass distributions in Fig. 5.
which show the non-φ pair K+K− invariant-mass dis-
tributions. Here, φ candidates are selected in the signal
region and background from the side-band region shown
in Fig. 4. The background in Fig. 5 is the distribu-
tion of the invariant mass of the remaining pair in the
side-band event, and the data points are the invariant
mass of the remaining pair of the φ candidates minus
the background. To obtain a more accurate detection
efficiency, the MC-generated events are weighted accord-
ing to the observed K+K− (non-φ pair) invariant-mass
distribution, where the weight factor is the ratio of the
K+K− mass distribution between data and PHSP MC.
The weighted PHSP MC distribution is consistent with
the background-subtracted data, as shown by the solid
histogram in Fig. 5. The detection efficiencies determined
by using the weighted MC data and by using the φK+K−
PHSP MC data do not differ significantly. Therefore, the
average detection efficiency does not strongly depend on
the K+K− invariant mass.
B. e+e− → K+K−K+K−
The detection efficiency is determined using both the
φK+K− weighted PHSP MC and K+K−K+K− PHSP
MC. The combined detection efficiency is given by
ǫ =
i=2∑
i=1
ωiǫi with ωi = Ni/Ntotal. (5)
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FIG. 5: (color online). Invariant-mass distribution of K+K−
(non-φ pair) at
√
s = 3.080 GeV. Here, the black dots with er-
ror bars are background-subtracted data, the hatched (black)
histogram is the background determined from the φ side-band
region, the dashed histogram is φK+K− PHSP MC, and the
solid (red) histogram is the weighted MC.
where ǫi and Ni denote the detection efficiency and the
signal yields of the ith mode, respectively. Ntotal is
the total signal yield obtained by fitting the K+K−K
recoil-mass data, N1 is the φK
+K− signal yield, N2 =
Ntotal − N1, and ǫ is the weighted detection efficiency
for the K+K−K+K− final state. Figure 6 shows a
comparison of the normalized momentum spectra of the
kaon between the data and the weighted MC result for√
s = 3.080 GeV.
VI. DETERMINATION OF THE BORN CROSS
SECTION
The Born cross section is calculated by
σB =
N obs
L · (1 + δ) · ǫ , (6)
where N obs is the number of observed signal events, L is
the integrated luminosity, (1+ δ) stands for (1+ δr) · (1+
δv), and (1+δr) is the ISR correction factor, which is ob-
tained by a QED calculation [30] and by taking the line
shape of the Born cross section measured by the BABAR
experiment into account. The vacuum polarization factor
(1+δv) is taken from a QED calculation with an accuracy
of 0.5% [31], and ǫ is the detection efficiency. The branch-
ing fraction of the intermediate process φ→ K+K− (49.2
± 0.5%) [25] is taken into account in the determination
of the cross section of e+e− → φK+K−.
Both ǫ and (1 + δ) are obtained from MC simula-
tions of the signal reaction for each c.m. energy. In the
conexc generator, the cross section for the ISR process
(σe+e−→γX) is parametrized using
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FIG. 6: (color online). (a) Normalized momentum spectra
of three identified kaons (K-Identified) and (b) the recoiled
kaon (K-Missing) of e+e− → K+K−K+K− events at √s =
3.080 GeV. Here, the black dots with error bars are data, the
dashed (blue) histograms are K+K−K+K− PHSP MC, the
hatched (green) histograms are φK+K− PHSP MC and the
solid (red) histograms are the weighted MC samples.
σe+e−→γX =
∫
d
√
s′
2
√
s′
s
W (s, x)
σB (
√
s′)
[1 −Π(√s′)]2 , (7)
where
√
s′ is the effective c.m. energy of the final state
with s′ = s(1 − x), x depends on the energy of the ra-
diated photon according to x = 2Eγ/
√
s, W (s, x) is the
radiator function and Π(
√
s′) describes the vacuum po-
larization (VP) effect. The latter includes contributions
from leptons and quarks. The detection efficiency and
the radiative-correction factor depend on the input cross
section, and are determined by an iterative procedure, in
which the line shape of the cross section from BABAR is
used initially, and the updated Born cross section is ob-
tained according to the simulation. We repeat the pro-
cedure until the measured Born cross section does not
change by more than 0.5%.
The values of L, N obs, (1+δ) and ǫ are listed in Table I,
together with the measured cross section at each energy
point. Figures 7 (a) and 7 (b) show the line shapes of
8cross sections for e+e− → K+K−K+K− and e+e− →
φK+K−, respectively.
TABLE I: The Born cross sections of e+e− → K+K−K+K−.
The center-of-mass energy (
√
s), integrated luminosity (L),
the yields of signal events (N obs), the product of radiative
correction factor and vacuum polarization factor (1 + δ), de-
tection efficiency (ǫ), and Born cross section (σB ). The first
uncertainties are statistical and the second systematic.
√
s (GeV) L (pb−1) N obs (1 + δ) ǫ(%) σB (pb)
2.1000 12.2 18.9±8.8 0.8186 6.71 28.3±13.2±2.0
2.1250 109 378.7±19.3 0.8437 11.43 36.2±1.8±1.8
2.1500 2.84 18.3±4.6 0.8616 16.53 45.2±11.4±3.6
2.1750 10.6 95.6±9.9 0.8750 22.48 45.7±4.7±4.1
2.2000 13.7 206.6±15.3 0.8824 26.57 64.3±4.8±5.8
2.2324 11.9 369.2±19.8 0.8505 32.62 112.2±6.0±5.3
2.3094 21.1 682.3±28.0 0.9388 40.82 84.4±3.5±5.8
2.3864 22.5 934.6±32.0 0.9515 46.78 93.1±3.2±4.4
2.3960 66.9 2838.7±57.4 0.9534 47.53 93.7±1.9±7.2
2.5000 1.10 55.3±8.0 0.9741 55.13 93.8±13.6±5.3
2.6444 33.7 1819.9±47.0 1.0044 58.92 91.2±2.4±4.2
2.6464 34.0 1817.6±47.1 1.0049 58.77 90.5±2.3±4.1
2.7000 1.03 44.2±7.3 1.0173 60.40 69.6±11.5±6.2
2.8000 1.01 37.2±7.3 1.0424 62.50 56.6±11.1±3.7
2.9000 105 4366.4±76.1 1.0686 62.22 62.4±1.1±2.9
2.9500 15.9 629.1±29.5 1.0799 61.43 59.5±2.8±2.8
2.9810 16.1 555.6±28.1 1.0846 61.98 51.4±2.6±2.5
3.0000 15.9 557.3±28.1 1.0860 62.17 52.0±2.6±2.4
3.0200 17.3 591.4±29.2 1.0854 62.21 50.7±2.5±2.6
3.0800 126 3693.7±73.1 1.0185 60.59 47.4±0.9±2.2
TABLE II: The same as Table I, but for e+e− → φK+K−.
Here, σB is the cross section determined by Eq. 6 divided by
the branching fraction of φ→ K+K−.
√
s (GeV) L (pb−1) N obs (1 + δ) ǫ(%) σB (pb)
2.1000 12.2 12.9±6.1 0.8346 5.7 45.3±21.4±2.8
2.1250 109 309.6±31.5 0.8555 9.6 70.6±7.2±4.9
2.1500 2.84 15.8±5.9 0.8714 13.7 94.7±35.4±7.9
2.1750 10.6 84.5±15.6 0.8835 18.8 97.3±18.0±6.1
2.2000 13.7 137.7±18.7 0.8898 21.7 105.8±14.4±7.8
2.2324 11.9 260.0±22.3 0.8543 27.2 191.8±16.5±14.4
2.3094 21.1 377.0±26.0 0.9465 32.6 117.8±8.1±7.1
2.3864 22.5 573.4±31.6 0.9598 37.4 144.0±7.9±13.2
2.3960 66.9 1841.6±56.2 0.9618 38.2 152.4±4.6±11.7
2.5000 1.10 25.5±6.9 0.9846 43.4 110.5±29.9±10.1
2.6444 33.7 883.1±37.5 1.0211 46.4 112.3±4.8±7.0
2.6464 34.0 901.3±37.7 1.0217 46.5 113.4±4.7±6.5
2.7000 1.03 26.0±6.1 1.0376 48.8 100.9±23.7±9.4
2.8000 1.01 13.2±4.5 1.0702 47.9 51.9±17.7±4.7
2.9000 105 2010.8±54.4 1.1013 49.2 71.7±1.9±3.9
2.9500 15.9 282.2±20.4 1.1099 48.6 66.7±4.8±3.7
2.9810 16.1 245.9±20.0 1.1098 49.5 56.6±4.6±3.1
3.0000 15.9 242.6±18.8 1.1064 50.0 56.1±4.3±3.4
3.0200 17.3 253.7±19.9 1.0996 50.2 54.0±4.2±3.1
3.0800 126 1690.8±50.1 1.0065 49.7 54.4±1.6±2.8
VII. SYSTEMATIC UNCERTAINTY
Several sources of systematic uncertainties are con-
sidered in the measurement of the Born cross sections.
These include the luminosity measurements, the differ-
ences between the data and the MC simulation for the
tracking efficiency, PID efficiency, kinematic fit, the fit
procedure, the MC simulation of the ISR-correction fac-
tor and the vacuum-polarization factor, as well as un-
certainties in the branching fractions of the decays of
intermediate states.
(a) Luminosity: The integrated luminosity of the data
samples used in this analysis are measured using large-
angle Bhabha scattering events, and the corresponding
uncertainties are estimated to be 1.0% [18].
(b) Tracking efficiency: The uncertainty of the track-
ing efficiency is investigated using a control sample of
the e+e− → K+K−π+π− process [32]. The difference in
tracking efficiency between data and the MC simulation
is estimated to be 1% per track. Hence, 3.0% is taken as
the systematic uncertainty for the three selected kaons.
(c) PID efficiency: To estimate the uncertainty in the
PID efficiency, we study K± PID efficiencies with the
same control samples as those used in the tracking ef-
ficiency. The average difference in PID efficiency be-
tween data and the MC simulation is found to be 1%
per charged track. Therefore, 3.0% is taken as the sys-
tematic uncertainty for the three selected kaons.
(d) Kinematic fit: The uncertainty associated with the
kinematic fits comes from the inconsistency of the track
helix parameters between data and the MC simulation.
The helix parameters for the charged tracks of MC sam-
ples are corrected to eliminate the inconsistency, as de-
scribed in Ref. [33], and the agreement of χ2 distributions
between data and the MC simulation is significantly im-
proved. We take the differences of the selection efficien-
cies with and without the correction as the systematic
uncertainties.
(e) Fit procedure: A fit to mass spectrum of the recoil-
ing kaon is performed to determine the signal yields of the
e+e− → K+K−K+K− process, and the two kaon invari-
ant massM(K+K−) is fitted to determine the number of
e+e− → φK+K− events. The following three aspects are
considered when evaluating the systematic uncertainty
associated with the fit procedure.
(1) Fit range: The M(K±) spectrum of the recoil-
ing kaon is fitted by varying the range from (0.3, 0.7)
GeV/c2 to (0.31, 0.69) GeV/c2. The M(K+K−) spec-
trum is fitted in the region from 0.98 to 1.15 GeV/c2. An
alternative fit range, from 0.98 to 1.20 GeV/c2, is con-
sidered. The differences between the yields are treated
as the systematic uncertainty from the fit range.
(2) Signal shape: The signal shape of the mass spec-
trum of the recoiling kaon is described by a shape ob-
tained from a MC simulation convolved with a Gaussian
function. The uncertainty related to this line shape is es-
timated with an alternative fit using the same line-shape
function, but fixing the width of the Gaussian function
to a value differing by one standard deviation from the
width obtained in the nominal fit. The signal shape of
the φ is described by a P -wave Breit-Wigner function
convolved with a Gaussian function. An alternative fit
with a MC shape convolved with a Gaussian function is
performed. The difference in yield between the various
9TABLE III: Relative systematic uncertainties (in %) for the cross section of e+e− → K+K−K+K−. The uncertainties are
associated with the luminosity (L), tracking efficiency (Tracking), PID efficiency (PID), fit range (Range), signal and background
shape (Sig. shape and Bck. shape), the initial-state radiation factor (ISR), the vacuum-polarization correction factor (VP), the
weighted detection efficiency (ǫ), MC statistics (MC) and others. The total uncertainty is obtained by summing the individual
contributions in quadrature.
√
s (GeV) L Tracking PID Range Sig. shape Bck. shape ISR VP ǫ MC Others Total
2.1000 1.0 3.0 3.0 3.2 0.3 3.2 0.1 0.5 2.3 1.2 1.0 6.9
2.1250 1.0 3.0 3.0 0.8 1.9 0.1 0.1 0.5 0.6 0.9 1.0 5.1
2.1500 1.0 3.0 3.0 3.8 1.6 4.4 0.7 0.5 2.6 0.7 1.0 8.0
2.1750 1.0 3.0 3.0 1.9 7.3 0.3 0.3 0.5 1.3 0.6 1.0 8.9
2.2000 1.0 3.0 3.0 0.1 0.6 7.6 0.5 0.5 1.1 0.5 1.0 9.0
2.2324 1.0 3.0 3.0 0.7 0.1 0.6 0.4 0.5 0.7 0.5 1.0 4.7
2.3094 1.0 3.0 3.0 1.4 2.1 4.5 0.4 0.5 0.6 0.4 1.0 6.9
2.3864 1.0 3.0 3.0 0.2 0.0 1.2 0.0 0.5 0.5 0.3 1.0 4.7
2.3960 1.0 3.0 3.0 3.5 3.5 3.8 0.4 0.5 0.3 0.3 1.0 7.7
2.5000 1.0 3.0 3.0 0.8 0.3 2.7 0.3 0.5 2.0 0.3 1.0 5.7
2.6444 1.0 3.0 3.0 0.3 0.1 0.7 0.1 0.5 0.3 0.3 1.0 4.6
2.6464 1.0 3.0 3.0 0.0 0.1 0.2 0.5 0.5 0.3 0.3 1.0 4.5
2.7000 1.0 3.0 3.0 0.2 0.2 7.5 0.3 0.5 1.7 0.3 1.0 8.9
2.8000 1.0 3.0 3.0 1.1 1.9 3.8 0.3 0.5 1.8 0.2 1.0 6.5
2.9000 1.0 3.0 3.0 0.4 0.2 0.5 0.0 0.5 0.1 0.2 1.0 4.6
2.9500 1.0 3.0 3.0 0.9 0.4 0.8 0.3 0.5 0.4 0.3 1.0 4.7
2.9810 1.0 3.0 3.0 0.2 0.7 1.6 0.1 0.5 0.4 0.2 1.0 4.9
3.0000 1.0 3.0 3.0 0.4 0.7 0.4 0.2 0.5 0.3 0.2 1.0 4.6
3.0200 1.0 3.0 3.0 1.9 0.8 1.1 0.0 0.5 0.3 0.2 1.0 5.1
3.0800 1.0 3.0 3.0 0.8 0.3 0.1 0.0 0.5 0.1 0.3 1.0 4.6
TABLE IV: Summary of relative systematic uncertainties (in %) related to the cross section measurements of e+e− → φK+K−.
See Table III for a description of the various items. B refers to the uncertainty in the branching fraction φ→ K+K−.
√
s (GeV) L Tracking PID Kinematic Sig. shape Bck. shape Range ISR VP ǫ MC B Others Total
2.1000 1.0 3.0 3.0 2.0 0.7 0.0 1.2 1.3 0.5 2.4 1.3 1.3 1.0 6.1
2.1250 1.0 3.0 3.0 2.1 0.0 2.8 3.4 0.9 0.5 1.0 1.0 1.3 1.0 7.0
2.1500 1.0 3.0 3.0 2.5 0.7 5.9 1.2 0.7 0.5 1.5 0.8 1.3 1.0 8.3
2.1750 1.0 3.0 3.0 2.2 2.2 1.2 2.2 0.2 0.5 1.2 0.7 1.3 1.0 6.3
2.2000 1.0 3.0 3.0 2.4 3.6 2.2 2.9 0.3 0.5 1.0 0.6 1.3 1.0 7.4
2.2324 1.0 3.0 3.0 2.4 5.2 0.4 0.0 0.5 0.5 0.9 0.5 1.3 1.0 7.5
2.3094 1.0 3.0 3.0 2.3 2.5 0.8 1.0 0.1 0.5 0.8 0.5 1.3 1.0 6.0
2.3864 1.0 3.0 3.0 2.0 7.3 0.9 2.1 0.1 0.5 0.6 0.4 1.3 1.0 9.2
2.3960 1.0 3.0 3.0 1.7 5.6 0.1 1.6 0.0 0.5 0.3 0.4 1.3 1.0 7.7
2.5000 1.0 3.0 3.0 1.7 6.7 0.0 3.3 0.1 0.5 1.1 0.4 1.3 1.0 9.1
2.6444 1.0 3.0 3.0 1.6 2.5 1.9 2.1 0.3 0.5 0.3 0.3 1.3 1.0 6.2
2.6464 1.0 3.0 3.0 1.6 2.5 0.5 0.9 0.7 0.5 0.3 0.3 1.3 1.0 5.7
2.7000 1.0 3.0 3.0 1.6 7.7 0.0 0.0 0.0 0.5 1.3 0.3 1.3 1.0 9.3
2.8000 1.0 3.0 3.0 1.5 7.1 0.0 0.0 0.0 0.5 2.6 0.3 1.3 1.0 9.0
2.9000 1.0 3.0 3.0 1.5 2.2 0.1 0.1 0.4 0.5 0.3 0.3 1.3 1.0 5.4
2.9500 1.0 3.0 3.0 1.3 2.2 0.3 0.7 0.1 0.5 0.8 0.3 1.3 1.0 5.5
2.9810 1.0 3.0 3.0 1.4 1.7 0.4 1.3 0.2 0.5 1.0 0.3 1.3 1.0 5.5
3.0000 1.0 3.0 3.0 1.4 0.4 1.3 3.0 0.1 0.5 0.9 0.3 1.3 1.0 6.0
3.0200 1.0 3.0 3.0 1.4 2.7 0.8 0.8 0.2 0.5 0.8 0.3 1.3 1.0 5.8
3.0800 1.0 3.0 3.0 1.3 0.7 0.0 1.2 0.3 0.5 0.5 0.3 1.3 1.0 5.1
fits is considered as the systematic uncertainty from the
signal shape.
(3) Background shape: The background shape of the
mass spectrum for the recoiling kaon is described as a
second-order Chebyshev polynomial function. A fit with
a first-order Chebyshev polynomial function for the back-
ground shape is used to estimate its uncertainty. The
background shape for φ-mass distribution is described
by an ARGUS function. The fit with a function of
f(M) = (M −Ma)c(Mb −M)d, where, Ma and Mb are
the lower and upper edges of the mass distribution, is
used to estimate this uncertainty.
(f) ISR factor: The cross section is measured by iter-
ating until (1+δr)ǫ converges, and the difference between
the last two iterations is taken as the systematic uncer-
tainty associated with the ISR-correction factor.
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(g) VP factor: The uncertainty on the calculation of
the VP factor is 0.5% [31].
(h) Branching fraction: The experimental uncertain-
ties in the branching fraction for the process φ→ K+K−
are taken from the PDG [25].
(i) Weighted detection efficiency: The detection effi-
ciencies obtained in different processes are combined us-
ing the previously-described method. The combined un-
certainty is calculated by accounting for the statistical
variation, by one standard deviation, of the signal yields.
To obtain a reliable detection efficiency of e+e− →
φK+K−, the PHSP MC sample is weighted to match
the distribution of the background-subtracted data. To
consider the effect on the statistical fluctuations of the
signal yield in the data, a set of toy-MC samples, which
are produced by sampling the signal yield and its sta-
tistical uncertainty of the data in each bin, are used to
estimate the detection efficiencies.
(j) MC statistics: The uncertainty is estimated by the
number of the generated events, whereby the weighting
factor has been taken into account.
(k) Other systematic uncertainties: Other sources of
systematic uncertainties include the trigger efficiency, the
determination of the start time of an event, and the mod-
eling of the final-state radiation in the simulation. The
total systematic uncertainty due to these sources is esti-
mated to be less than 1.0%. To be conservative, we take
1.0% as its systematic uncertainty.
Assuming all of the above systematic uncertainties,
shown in Tables III and IV, are independent, the total
systematic uncertainties are obtained by adding the in-
dividual uncertainties in quadrature.
VIII. SUMMARY AND DISCUSSION
In summary, using data collected with the BESIII
detector taken at twenty c.m. energies from 2.100 to
3.080 GeV, we present measurements of the processes
e+e− → K+K−K+K− and φK+K− and we obtain the
corresponding Born cross sections. The Born cross sec-
tions of the process e+e− → K+K−K+K− are in good
agreement with the results by BABAR, but with im-
proved precision. The Born cross sections for the chan-
nel e+e− → φK+K− are measured for the first time at
twenty energy points. Both data sets reveal anomalously
high cross sections at
√
s = 2.232 GeV.
A previous analysis on a much smaller dataset [17] has
demonstrated that the K+K−K+K− final state exhibits
resonant substructure. It is difficult to disentangle these
contributions from other final states, and we make no
attempt to do so.
By examining the φK+K− cross section as a func-
tion of c.m. energy, an enhancement at
√
s = 2.232 GeV,
i.e. near the ΛΛ production threshold, is observed. The
cross section of e+e− → ΛΛ is also found to be anoma-
lously high at the threshold [34]. In the case of charged
baryons one would expect a Coulomb enhancement fac-
tor, which, however, is absent in the of the electrically-
neutral Λ. It has been suggested that a narrow reso-
nance, very close to the threshold, might provide an ex-
planation [35]. BABAR has observed an enhancement
at 2.175 GeV and a sharp peak at 2.3 GeV, correspond-
ing to φK+K− final states with K+K− invariant masses
smaller than 1.06 GeV/c2 and within a mass interval of
1.06−1.2 GeV/c2, respectively. The intriguing φ(2170)
resonance [13] has a relatively wide width and it is very
close to the kinematical threshold, but not close enough
to be related to the observed anomaly. Alternatively, the
enhancement at 2.232 GeV could be explained by an in-
terference effect of different resonances. More data in the
vicinity would be helpful to understand the anomaly.
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FIG. 7: (color online). (a) Comparison of the measured Born cross section of e+e− → K+K−K+K− to that of previous
measurements [16]. The gray circles are from BABAR, the red rectangles are the results obtained in this work. The BESIII
results include statistical and systematical uncertainties. The errors of the BABAR data only include the statistical uncertainty.
(b) Born cross section of e+e− → φK+K− obtained in this work. For BESIII data, the errors reflect both statistical and
systematical uncertainties.
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